We have carried out a systematic temperature-dependent study of intersubband absorption in InAs/ AlSb quantum wells from 5 to 10 nm well width. The resonance energy redshifts with increasing temperature from 10 to 300 K, and the amount of redshift increases with decreasing well width. We have modeled the transitions using eight-band k"p theory combined with semiconductor Bloch equations, including the main many-body effects. Temperature is incorporated via band filling and nonparabolicity, and good agreement with experiment is achieved for the temperature dependence of the resonance. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1626264͔
The family of semiconductors with a lattice constant around 6.1 Å-InAs, GaSb, and AlSb-are a promising system for applications in heterostructure devices such as longwavelength detectors 1 and lasers. 2 Interband infrared applications rely on the small bandgap of InAs and the possibility of broken-gap type-II band alignment between InAs and GaSb. On the other hand, intraband applications can take advantage of the enormous conduction band offset in InAs/ AlSb heterostructures-as large as 2 eV. The resulting deep well allows intersubband transitions ͑ISBTs͒ ranging in energy from the near-infrared ͑NIR͒ to the far-infrared. One application of deep wells that was recently proposed is an intersubband terahertz laser pumped by a compact NIR diode laser. 3 In order to realize such a source, it is necessary first to understand thoroughly intersubband absorption in this material system.
Previous experimental studies of ISBTs in InAs/AlSb quantum wells ͑QWs͒ have focused on a variety of aspects. For example, Warburton et al. have observed the ISBT in doped InAs/AlSb QWs from 6 to 18 nm well width, and concluded that interface roughness scattering dominates the linewidth of the resonance. 4 They have also studied the temperature dependence of an 18 nm QW with two populated subbands, in which case Landau damping becomes an important scattering mechanism. Prevot et al. have studied 6.5 to 8.6 nm undoped QWs at low temperature, both with and without interband optical pumping. 5 Recently, Ohtani et al. have observed ISBTs at room temperature in doped QWs from 5.4 nm to as narrow as 2.7 nm. 6 In this letter, we present detailed temperature-dependent measurements of the ISBT in 5 to 10 nm undoped InAs/AlSb QWs. We observe a redshift of the ISBT with increasing temperature. The amount of redshift increases with decreasing well width, from 6.2 meV for the 10 nm sample to 12.0 meV for the 5 nm sample. Similar, but much smaller, redshifts have been reported for ISBTs in GaAs/AlGaAs QWs. 7, 8 A simple theory, taking into account only the temperature dependence of the effective mass and band offset, would predict a blueshift of the ISBT energy with increasing temperature. To explain these results correctly, we have developed a theoretical model based on the density matrix formalism. It incorporates all the major many-body effects via the semiconductor Bloch equations and nonparabolic subband dispersions via eight-band k"p calculations. Our model gives good agreement with the observed temperature dependence of the ISBT energy.
The samples were grown by molecular-beam epitaxy on a semi-insulating GaAs substrate. The buffer structure consisted of GaAs ͑300 nm͒/AlAs ͑10 nm͒/AlSb ͑100 nm͒/GaSb ͑300 nm͒/AlSb ͑1000 nm͒/͓AlSb/GaSb ͑6 nm/6 nm͔͒ϫ15/ AlGaSb ͑200 nm͒. The active region consisted of 20 periods of InAs/AlSb (x/10 nm), where xϭ5 to 10 nm, and it was capped by 10 nm of GaSb. The QW interfaces were grown InSb-like, 9 and the wells were under tensile strain. The samples were not intentionally doped, but had a total electron density of 1.8ϫ10 12 to 6.9ϫ10 13 cm Ϫ2 at 77 K. The most likely sources of electrons in these wells are bulk 10 and interface 11 donors and Fermi level pinning at the surface of the GaSb cap layer. 12 We attribute the large variation in total electron density to variation in the density of bulk donors. In this work, we compare samples with roughly the same total electron density, around 1ϫ10 13 cm Ϫ2 ͑see Table I͒ , and a per-well density of about 1ϫ10 12 cm Ϫ2 . For this per-well density, only the lowest subband is populated.
The ISBT was measured with a Fourier-transform infrared spectrometer in a multibounce geometry. The QW surface was coated with 100 nm of gold and the sample edges were polished to 45°. A wire grid polarizer was placed before the sample and the ratio of p-and s-polarized transmission a͒ Author to whom correspondence should be addressed; electronic mail: kono@rice.edu APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 19 10 NOVEMBER 2003 ͑ISBT active and inactive͒ was taken. The background was the p/s ratio with no sample. The absorption coefficient of the sample ␣ was calculated as ␣ϭ͓Ϫln(T)ϩR͔/L, where T is the p/s transmission ratio of the sample divided by the p/s transmission ratio with no sample, R is a sample-dependent constant chosen to make ␣ equal zero away from the absorption, and L is the total length of well material that the infrared beam passes through. Intersubband absorption spectra for samples A-G at various temperatures between 10 and 300 K are shown in Fig. 1 . The absorption coefficient of the sample ␣ is plotted versus energy. The ISBT energy increases with decreasing well width from 212 meV ͑5.84 m͒ for 10 nm wells to 385 meV ͑3.22 m͒ for 5 nm wells at 10 K. For a given well width, the ISBT peak position redshifts with increasing temperature. The amount of redshift increases with decreasing well width from 6.2 meV for 10 nm to 12.0 meV for 5 nm, as shown in Fig. 2͑a͒ . The ISBT linewidth has a weak temperature dependence, increasing from 10 to 300 K by a factor of less than 2, as shown in Fig. 2͑b͒ . The low-temperature linewidths are relatively small, ranging from 11 to 23 meV ͑2.8 to 5.8 THz͒, indicating that the interface type and smoothness are well controlled. The ISBT linewidth does not vary systematically with well width.
Modeling of ISBTs is complicated by the strong influence of many-body effects: 13 the self-energy or exchange correction, the depolarization shift, and the vertex or excitonic correction. InAs/AlSb systems are particularly interesting due to the interplay between these many-body effects and the strong nonparabolicity of the InAs conduction band. 14, 15 For example, our calculations show that, for a 10 nm well, the self-energy and depolarization correction both cause a significant blueshift and broadening of the single-particle spectrum. However, the vertex correction causes the absorption to redshift, narrow, and increase in intensity, which nearly cancels out the other effects.
Our model is based on an eight-band k"p theory, and the many-body effects on the absorption are incorporated through the semiconductor Bloch equations. A detailed de- Intersubband absorption spectra of InAs/AlSb QWs. The absorption coefficient is plotted as a function of energy from 10 to 300 K with a temperature interval of ϳ30 K.
FIG. 2.
Temperature dependence of intersubband absorption ͑a͒ peak energy and ͑b͒ width at half-maximum for seven InAs/AlSb QW samples with well widths from 10 to 5 nm ͑corresponding to samples A-G in Fig. 1͒ . scription of the model will be given in a future publication. 16 We first calculate the band structure using an eight-band k"p theory, which includes the charge profile via the Hartree potential as well as strain effects. Next, the interaction with light is computed. The Hamiltonian is written in terms of creation and annihilation operators, from which the population and polarization variables can be derived. They are used to find an expression for the linear susceptibility, the imaginary part of which is the absorption. The obtained linear susceptibility includes all the major many-body effects as well as LO phonon and interface roughness scattering. We have simulated the ISBT as a function of temperature for a 10 nm well, as shown in Fig. 3 . The redshift of the peak is mainly due to band filling coupled with strong nonparabolicity. Increasing temperature leads to population of large wave-vector states. Strong nonparabolocity leads to significant decrease in the transition energy with increasing electron wave vector. The combination therefore causes a reduction of the transition energy with increasing temperature. This effect also explains why a smaller redshift ͑ϳ3 meV͒ was observed for GaAs QWs: 7, 8 because of their smaller nonparabolicity. The eight-band k"p band-structure calculation takes the nonparabolicity into account accurately, leading to a good agreement with experiment. In this simulation we kept the density constant and included the decrease in the effective mass with increasing temperature, 17 which causes a small blueshift.
In conclusion, we have measured the temperature dependence of the intersubband absorption in undoped InAs/AlSb QWs. The absorption shows a strong redshift with increasing temperature. In addition, we have modeled the intersubband absorption using an eight-band k"p band structure and the semiconductor Bloch equations, which include the major many-body effects on an equal footing. The redshift is incorporated via band filling and nonparabolicity. These results are promising for the development of optically pumped intersubband far-infrared emitters.
FIG. 3. The measured ͑circles͒ and calculated ͑squares͒ intersubband absorption peak energies as a function of temperature for sample A. The lines are guides for the eye. The insets show the carrier distribution (n) and subband dispersions (k) with possible single-particle absorption ͑arrows͒ at ͑a͒ low and ͑b͒ high temperature, illustrating the redshift of the intersubband resonance with increasing temperature.
